Resistance spot welding has been performed in order to investigate the weld characteristics of boron-containing steel. With heat input increasing, the nugget width increased, which showed a direct proportion to shear tension strength. After welding process, the microstructure of the steels, mainly consisting of martensite in base material, was transformed to ferrite and tempered martensite in HAZ region, while weld zone is chiefly composed of martensite phase due to rapid quenching. The hardness was measured as about 550 Hv at weld zone, and 320 Hv in the region of heat affected zone in spite of 550 Hv of base material. It is deduced that the softening behavior occurred because heat input of welding caused phase transformation of martensite into tempered martensite and ferrite.
Introduction
In the automobile industry, weight reduction in vehicles has been mainstreamed due to environmental problems and rising oil prices. Even though the use of light materials such as aluminum alloy and reinforced plastics has increased, they are still not enough to substitute for steel in terms of price and strength. Therefore, the innovative hot-press forming process, which uses boron steel that is superior in terms of strength and plasticity, has been used since the late 1990s. 1) Hot-press forming is a method that microstructure of blank is transformed into martensite phase simultaneously with forming process; before forming process, temperature of blank is elevated up to austenizing temperature, above or equal to Ac 3 point, and austenized blank was then quenched with forming process at the same time.
2) Hot-press forming steel has more than tensile strength of 1500 MPa, so the usage is rapidly increasing for the part of automobile crashing. Besides, it is one of the most effective materials satisfying the more and more strict crash regulation of automobile.
Many researchers have studied characteristics of material and forming to apply hot press forming process in use. M. Suehiro 3) and M. Merklein, et al. 4) investigated characteristics of phase transformation and mechanical properties on USIBOR 1500 and 22MnB5 for hot press forming. However, those studies only focused on physical properties and formability of hot press forming. There is no study on the characteristics of welding properties of ultra high strength steel for hot press forming process.
Therefore, this paper has attempted to investigate the welding characteristics of boron bearing ultra high strength steel (USIBOR 1500), which is equivalent to 1500 MPa, and the change in microstructure after welding. For this, mechanical characteristics in the weld zone have been analyzed through a tensile test after spot welding. After observing hardness and microstructure in the weld zone, the correlations between the two have been examined.
Experimental
The material used in this test is 1.2 mm-thick ultra high strength steel (Al-Si-coated 1500 MPa level), chemical composition of which is listed in Table 1 . The mechanical strength of base material was as follows: tensile strength of 1680 MPa, yield strength of 1240 MPa, and elongation of 6.5%.
Spot welding method was selected in this study, using stationary single-phase alternating-current spot welding machine. Detailed welding conditions are as follows: weld current of 3-7 kA, electrode force of 500 kg, and weld time of 6-24 cycles. Electrode used in this study was RWMA class II that mainly contains 99% of Cu and 0:5$1% of Cr and domeshaped with 6 mm of diameter.
Microstructural evolution after welding was characterized by optical micrograph. Micro hardness test and tensile test were used to examine mechanical properties. Tensile test was carried out with the tensile shear test specimen ( Fig. 1) that is machined by Korea Standard B 0851(KSB0851). To confirm the results, three same specimens were prepared with same welding condition and following results were averaged.
Results

Shear tension strength at welded zone
Shear tension strength was characterized with welding time and welding current of spot resistance welding. Figure 2 shows shear tension strength as a function of welding time. Tensile failure occurred nearly 3-4 mm away from nugget center area where stress is normally concentrated when external load is applied. According to the results of Fig. 2 , high shear tension strength was observed at higher current, 5 kA and 6 kA, while relatively lower shear tension strength at 3 kA and 4 kA. Further increment of shear tension strength didn't appear at the current higher than 7 kA.
Hardness and microstructure at welded zone
Microstructure and corresponding hardness mapping all around the welded area were illustrated in Fig. 3 . The microstructure of welded area was characterized by the nugget consisting of solidified zone of melted metal, Heat Affected Zone (HAZ) around that, and base metal when observation point moves from right to left side. It is also observed that the nugget width increased as welding current became higher.
Figures 4 and 5 show correlations between microstructure and hardness distribution in the resistant spot welding at 6 kA of weld current. The numbers from ‹ to°in Fig. 5 are corresponding to those used in Fig. 4 . As shown in Fig. 4 , base metal consists of martensite.
After resistance spot welding, weld metal was transformed into martensite phase as shown in Fig. 4 . It was due to rapid cooling speed after melting of weld metal. HAZ was found covering about 4 mm around weld metal. It can be divided into three parts as indicated in Fig. 4 . The left-side microstructures of fusion line (indicated with white arrow) illustrate the Coarse Grain HAZ(CG HAZ), and Fine Grain HAZ(FG HAZ), and tempered zone, in closer order to fusion line. The microstructure of CG and FG HAZ is composed of martensite phase. At the region of intercritical zone, martensite partially exists and remaining is a stable ferrite phase. Two phases, tempered martensite and ferrite, are observed at the tempered zone. Those microstructures are deeply related with hardness profile around weld zone, as presented in Fig. 5 . The hardness at weld zone was higher than 550 Hv and become lower as measuring points go apart from fusion line. It was weakened till 320 Hv because of softening behavior at HAZ, and then increased back to the hardness of base metal.
4. Discussion 4.1 Nugget width and corresponding shear tension strength In general, weld current and weld time are the most important factors in controlling heat input for resistance spot welding. The nugget width varies with the amount of heat input. Furthermore, shear tension strength is proportional to that size. In other words, higher shear tension strength can be obtained by increased adhesion area, i.e., expanded nugget width. Figure 6 (a) illustrates the results of the variation of nugget width and corresponding shear tension strength as a function of weld time, when weld current was fixed with 5 kA. At the 6 cycle of weld time, the width of nugget was smaller than 2 mm in diameter. For 8 cycles, the nugget width larger than 3.5 mm was obtained, and no more increment of it was found in spite of longer weld time. Figure 6(b) shows the correlation between nugget width and shear tension strength with various weld current, at fixed weld time as 12 cycles. It can be seen that nugget width was expanded with increasing weld current. Those overall results indicated that shear tension strength was increased by heat input, i.e., increment of weld time and weld current. In other words, it has been confirmed that nugget width is proportionate to shear tension strength. At the weld current of 7 kA, on the other hand, shear tension strength decreased despite the nugget width of 5.5 mm. It can be considered to be the formation of weld defect, expulsion, by over current.
Microstructure and corresponding hardness
The metal at the fusion zone is molten with the highest heat input and begins to solidify at a cooling speed of 10 5 C/s.
5)
During solidifying, dendrite phase begins to form around center of fusion zone. In addition, martensite phase can be mainly found in fusion zone, because of rapid cooling rate of spot welding and the alloying agent of AHSS (Advanced High Strength Steel) and UHSS (Ultra High Strength Steel) (Fig. 4) . The hardness can be determined by carbon content, because fusion zone is mainly composed of martensite phase. In other words, the hardness of martensite can be expressed with the following equation.
where CE Y indicates carbon equivalent reported by Yurioka et al. 7) Followed by this equation, the hardness was calculated as 500 Hv, which is about 50$100 Hv lower than that measured in this study (Fig. 4 and Fig. 5°) .
At CG HAZ, the maximum temperature is increased above Ac 3 . The base material is all transformed into austenite phase and the grain growth occurs due to high temperature of austenite zone. Followed by rapid cooling rate, enlarged austenite grains are transformed into martensite phase. So, the hardness at CG HAZ is about 550 Hv that is almost same with that of base metal (Fig. 4 and Fig. 5fl ). Maximum temperature of FG HAZ increases above Ac3, but it is lower than that of CG HAZ. Also, the duration time of austenite phase is shorter than that of CG HAZ. It leads to the finer martensite than that obtained in FG HAZ, because austenite phase above Ac 3 temperature didn't last for as long as in CG HAZ and finer austenite grain transforms into martensite. So, the hardness of FG HAZ is similar to that of fusion zone, approximately 550 Hv (Fig. 4 and 5fi) .
The maximum temperature of intercritical HAZ goes up to between Ac 1 and Ac 3 . This temperature partially causes the transformation of base metal into austenite and stable ferrite of remaining base metal. The austenite phase is changed into martensite again with rapid cooling rate. In other words, two phase, martensite and stable ferrite, are mixed in intercritical region. So, it is expected that the hardness is somewhat lower than base and weld metal composed of martensite phase.
The most important region for welded UHSS is the tempered zone, the maximum temperature of which increased below Ac 1 during welding. In the case of plain carbon steel and general HSLA steel, no structural change occurs in this zone. However, the microstructure of UHSS is changed into tempered martensite and stable ferrite at the tempered zone. To explain it in more detail, transformation into ferrite from martensite of base metal actively occurs at the local region of tempered zone where the temperature approaches closely to Ac 1 and tempering phenomenon appears at the area in which the maximum temperature increases below that temperature. 8) In those areas, the softening behavior is notably observable and the measured hardness was about 320 Hv which is the lowest value in the specimen (Fig. 4 and Fig. 5› ).
Conclusion
In this study, a study was performed to investigate mechanical properties and corresponding microstructural variation, when Ultra High Strength Steel for automotive, USIBOR 1500, was welded by resistance spot welder at different welding condition.
The nugget width increased in proportion to the amount of heat input and the shear tension strength became higher as nugget width increased. The hardness at weld zone was about higher than 550 Hv, and nearly 320 Hv for HAZ which is about 230 Hv lower than that of base metal. The variation of hardness can be attributed to the characteristics of ultra high strength steel contained boron. After spot welding, the microstructure of fusion zone, CG HAZ and FG HAZ was mainly composed of martensite, the hardness of which was kept roughly constant. Meanwhile, the microstructure of tempered zone in HAZ was transformed into tempered martensite and ferrite by the heat input. Therefore, phase transformation induced softening behavior can be detected at the region where temperature increased closely to Ac 1 .
